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The  Use  of  Carbon  Aerogel  Electrodes  for 
Deionbing  Water  and  Treating  Aqueous  Process  Wastes 

Joseph  C.  Farmer,  Gregory  V.  Mack  and  David  V.  Fix 
Lawrence  Livermore  National  Laboratory 
Livermore,  California  94550 


Abstract 

A  wide  variety  of  ionic  contaminants  can  be  removed  from  aqueous  solutions  by  electrosorption 
on  carbon  aerogel  electrodes  Carbon  aerogel  is  an  ideal  electrode  material  because  of  its  low 
electrical  resistivity  (<.  40  mO-cm),  high  specific  surface  area  (400  to  1100  m2/g),  and  controllable 
pore  size  distribution  (<  50  nm).  This  approach  may  avoid  the  generation  of  a  substantial  amount 
of  secondary  waste  associated  with  ion  exchange  processing  Ion  exchange  resins  require 
concentrated  solutions  of  acid,  base,  or  salt  for  regeneration,  whereas  carbon  aerogel  electrodes 
require  only  electrical  discharge  or  reverse  polarization.  Aqueous  solutions  of  NaCl,  NaNCh, 
NH4CIO4,  Na^COj,  NaaSCL  and  NajPO*  have  been  separated  into  concentrate  and  high-purity 
product  streams.  The  deionization  of  a  100  pS/cm  NaCl  solution  with  two  parallel  stacks  of 
carbon  aerogel  electrodes  in  a  potential-swing  mode  is  discussed  in  detail.  The  selective  removal 
of  Cu,  Zn,  Cd,  Pb,  Cr,  Mn,  Co  and  U  from  a  variety  of  process  solutions  and  natural  waters  has 
also  been  demonstrated  Feasibility  tests  indicate  that  the  remediation  of  Cr(VI)-contaminated 
ground  water  may  be  possible. 

Introduction 

Lawrence  Livermore  National  Laboratory  (LLNL)  has  developed  an  electrically-regenerated 
electrosorptive  separation  process  for  removing  ionic  impurities  from  aqueous  waste  streams  as  a 
minimally-polluting,  energy-efficient,  and  potentially  cost-effective  alternative  to  ion  exchange, 
reverse  osmosis,  electrodialysis,  and  evaporation.  Aqueous  solutions  with  various  anions  and 
cations  are  passed  through  a  stack  of  carbon  aerogel  electrodes,  each  having  a  very  high  specific 
surface  area  (400  to  1 100  m2/g)  and  exceptionally  low  electrical  resistivity  (<  40  mfi-cm)  After 
polarization,  ions  are  removed  from  the  electrolyte  by  the  imposed  electric  field  and  electrosorbed 
on  electrode  surfaces  For  example,  aqueous  solutions  of  NaCl,  NaNOj,  NH4CIO4,  Na2COj, 
Na2S04,  and  Na3PC>4  have  been  separated  into  two  streams,  one  being  relatively  pure  water  and 
the  other  a  relatively  concentrated  salt  solution.  Trace  quantities  of  various  heavy  metals  such  as 
Cu,  Ni,  Pb,  Co,  Cr,  Mn  and  U  have  also  been  removed  from  process  solutions  and  natural  waters 
by  electrosorption 

Background 

Ion  exchange  is  used  for  deionization  of  process  water  and  to  remove  heavy  metals  from  aqueous 
waste  streams,  as  well  as  contaminated  ground  water.  Unfortunately,  the  chemical  regeneration 
of  saturated  ion  exchange  resin  produces  a  significant  amount  of  secondary  waste.  A  variety  of 
electrochemical  alternatives  to  ion  exchange  are  now  under  investigation  For  example, 
polypyrolle  films  on  reticulated  vitreous  carbon  electrodes  are  being  used  for  in  situ  reduction  of 
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Cr(VI)  [1 J.  This  approach  appears  to  suffer  from  a  gradual  degradation  of  the  electrodes  due  to  a 
loss  of  polypyrolle  Another  process  involves  the  use  of  electrodes  coated  with  films  of 
electroactive  ferrocyanide  for  selective  removal  Cs+  from  solutions  of  sodium  salts  [2].  Here  too 
electrode  life  is  limited  by  the  stability  of  the  electroactive  film.  Carbon  aerogel  electrodes  appear 
to  have  the  necessary  selectivity  and  stability  to  enable  them  to  serve  as  a  viable  alternative  to  ion 
exchange 

Several  publications  have  appeared  that  discuss  the  use  of  porous  electrodes  for  the  recovery  of 
heavy  metals  from  aqueous  solutions  by  electrodeposition  [3-6],  The  first  studies  of  flow-through 
capacitors  with  activated  carbon  electrodes  applied  to  desalination  appear  to  have  been  published 
at  the  University  of  Oklahoma  in  the  early  1960’s  [7,8].  Johnson  et  ai.  conducted  similar  studies 
of  reversible  electrosorption  with  beds  of  activated  carbon  in  the  early  1970’s  [9-11].  Johnson’s 
work  prompted  Newman  to  develop  a  comprehensive  theoretical  model  for  the  capacitive 
charging  of  porous  carbon  electrodes  [12].  Additional  work  was  done  in  Israel  several  years  later 
and  published  in  the  1980’s  [13-15],  Several  practical  problems  are  encountered  with 
conventional  activated  carbon  systems.  Electrode  performance  has  been  found  to  degrade  with 
time.  Furthermore,  polymeric  binders  occlude  significant  fractions  of  the  activated  carbon  surface 
and  are  susceptible  to  radiation  damage.  Electrochemical  cells  that  use  flow-through  beds  of 
activated  carbon  powder  as  electrodes  require  membrane  separators  for  electrical  insulation  and 
to  prevent  entrainment  of  individual  particles  in  the  flow.  Flow  through  such  porous  media  is 
characterized  by  high  pressure  drop.  Finally,  process  efficiency  is  lowered  by  the  large  potential 
drop  that  develops  in  thick  electrodes  and  packed  beds. 

Carbon  aerogel  is  an  ideal  electrode  material  because  of  its  low  electrical  resistivity  (<,  40  mQ- 
cm),  high  specific  surface  area  (400  to  1100  m2/g),  and  controllable  pore  size  distribution  (s  50 
nm).  Resorcinol-formaldehyde  (RF)  aerogels  and  their  carbonized  derivatives,  including  CAC, 
were  developed  by  LLNL  [16-19],  Note  that  thermal  and  chemical  activation  has  been  used  to 
achieve  specific  surface  areas  of  2600  m2/g  [20],  The  exceptionally  high  conductivity  of  carbon 
aerogel,  in  contrast  to  loosely  bonded  carbon  powders  or  activated  carbon  fiber  cloths  (ACFCs), 
is  attributable  to  its  monolithic  structure  which  is  composed  of  interconnected,  covalently-bonded 
carbon  particles  (-12  nm  diameter).  In  contrast  to  electrodes  made  from  activated  carbon 
powders  and  fibers,  the  activation  energy  for  carrier  transport  in  carbon  aerogel  is  relatively  small. 
As  a  result  of  these  desirable  characteristics,  carbon  aerogel  has  already  been  used  as  electrodes  in 
a  supercapacitor  with  high  energy  and  power  density  [21].  However,  this  device  was  not 
designed  to  permit  electrolyte  flow  and  requires  membranes  to  physically  separate  the  electrodes. 
More  recently,  carbon  aerogel  electrodes  developed  by  LLNL  have  been  employed  in  a  variety  of 
configurations  to  remove  ionic  contaminants  from  water  [22-3 1  ]. 

Experimental 

Double-sided  electrodes  for  the  electrochemical  ceil  were  made  by  gluing  two  sheets  of  carbon 
aerogel  composite  (CAC)  to  both  sides  of  a  titanium  plate  with  graphite-filled  epoxy  The 
titanium  plate  serves  as  both  a  current  collector  and  a  structural  support.  Each  sheet  of  CAC  was 
6  9  cm  x  6.9  cm  x  0.0127  cm  and  had  a  total  active  surface  of  approximately  2.8xl06  cm2.  A 
stack  of  192  double-sided,  titanium-supported  electrodes  had  a  total  active  surface  area  of 
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approximately  l.lxlO9  cm2.  Electrolyte  flowed  through  the  stack  in  open  channels  formed 
between  adjacent  electrodes.  An  electrode  separation  of  0.12  to  0.16  cm  was  maintained  by 
plastic  spacers  and  rubber  compression  seals.  By  arranging  the  electrodes  so  that  orifices 
alternate  from  one  side  of  the  stack  to  the  other,  flow  from  the  bottom  of  the  stack  to  the  top  is 
serpentine. 

It  is  noteworthy  that  activated  carbon  powders  with  Brunauer-Emmet-Teller  (BET)  surface  areas 
as  high  as  3000  m2/g  are  readily  available.  However,  much  of  the  surface  area  in  such  materials  is 
located  inside  pores  having  diameters  less  than  1  nm.  It  is  believed  that  the  electrochemically 
active  area  is  only  a  fraction  of  the  BET  surface  area.  BET  analyses  are  probably  misleading  since 
gas  molecules  can  penetrate  much  smaller  pores  than  a  typical  electrolyte.  For  example,  the  bond 
length  of  N2  is  only  0. 1  nm  It  is  very  doubtful  that  this  level  of  porosity  contributes  to 
electrochemical  double  layer  formation  since  electrolyte  penetration  and  double  layer  formation 
are  questionable  on  this  scale.  From  the  Gouy-Chapman  theory,  as  well  as  the  Stem  modification 
of  that  theory,  it  is  believed  that  a  fully-developed  electric  double  layer  on  a  planar  electrode  with 
no  detrimental  shielding  effects  would  require  much  greater  distances  for  full  development  In  the 
case  of  a  1:1  electrolyte  in  water  at  25°C,  the  characteristic  thickness  of  the  diffuse  layer  ranges 
from  1  nm  at  a  concentration  of  10'1  M  to  30  nm  at  10"*  M  [32,33], 

A  potential-swing  electrosorption  process  based  on  carbon  aerogel  electrodes  has  been  developed 
and  demonstrated  This  prototype  can  produce  a  continuous  flow  of  both  product  water  and 
concentrate  by  operating  two  stacks  of  electrodes  in  parallel  One  stack  purifies  while  the  other  is 
electrically  regenerated.  Such  synchronous  operation  requires  a  significant  degree  of  automation 
and  sophistication,  which  has  been  incorporated  into  the  demonstration  process  now  available  at 
LLNL  [31]  Flow  is  generated  by  a  programmable,  magnetically-coupled,  screw  pump  with  a  304 
stainless  steel  head  All  lines  are  made  of  Teflon  and  had  a  nominal  diameter  of  0  635  cm  (1/4 
inch).  The  cells  are  polarized  by  programmable  power  supplies  that  have  a  voltage  range  of  0  to 
12V  or  a  current  range  of  0  to  60  A.  Sensors  were  placed  on  the  inlet  and  outlet  lines  of  the 
electrode  stack.  Electrical  conductivity  of  the  solution,  pH,  individual  ion  concentrations,  and 
temperature  are  continuously  monitored  The  system  is  controlled  by  a  personal  computer  A 
single  AT-MIO-16DH  data  acquisition  board,  installed  in  the  computer,  provides  the  interface  to 
the  Input-Output  (I/O)  Signal  Subsystem.  The  I/O  subsystem  consist  of  a  single  12-slot  Signal 
Conditioning  Extension  Interface  (SCXI)  chassis.  The  chassis  contains  seven  8-channel  analog-to- 
digital  (A/D)  modules  to  measure  flow,  level,  pressure,  temperature,  pH,  and  conductivity;  two 
16-channel  single-pole  double-throw  (SPDT)  relay  modules  for  controlling  pumps  and  valves;  and 
one  6-channel  digital-to-analog  (D/A)  module  for  controlling  power  supply  voltages  and  pump 
speed.  The  SCXI  hardware  provides  multiplexing,  filtering,  isolation,  and  amplification  for  the 
process  signals.  The  operating  system  is  DOS  v6.22  running  Windows  v3.1.  Lab  VIEW  v3.1 
software,  running  under  Windows,  is  used  for  data  acquisition  and  control  LabVIEW  is  a 
graphical  programming  environment  which  provides  integrated  tools  for  acquisition,  control, 
analysis,  and  presentation,  as  well  as  connectivity  to  serial,  parallel,  voltage,  current  loop,  RTD, 
thermistor,  and  relay  communication  interfaces.  Data  acquisition  and  control  software  is 
optimized  and  converted  to  compiled  run-time  code  Operator  input  is  via  a  mouse  and  keyboard 
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Studies  of  the  removal  of  chromium  from  ground  water  employed  a  stack  of  192  electrodes 
similar  to  the  one  previously  described.  Experiments  with  heavy  metals  in  0.1  M  KNO3 
electrolyte  were  conducted  with  two  single-sided,  titanium-supported  electrodes  in  an  undivided 
cell.  A  500  ml  volume  of  electrolyte  was  continuously  recycled  at  a  rate  of  50  ml/min  Additional 
experiments  were  conducted  with  a  divided  cell  that  employed  an  ion  exchange  membrane  as  an 
electrode  separator.  The  membrane  facilitated  regeneration  by  voltage  reversal.  Experiments 
with  heavy  metals  in  sea  water  were  conducted  with  40  sheets  of  unsupported  CAC  separated  by 
a  polypropylene  net  (InterNet  Incorporated,  Product  No.  XN-1678,  0.125  inch  mesh)  in  an 
undivided,  plastic  cell.  A  1000  ml  volume  of  sea  water  was  continuously  recycled  at  a  rate  of  50 
ml/min.  In  experiments  involving  heavy  metals,  samples  of  both  the  influent  and  effluent  waters 
were  withdrawn  and  analyzed  for  various  constituents  at  LLNL  and  outside  laboratories.  Trace 
quantities  of  heavy  metals  such  as  Cu,  Ni,  Co,  Pb,  Mn,  Cr  and  U  were  determined  with 
inductively  coupled  plasma  with  mass  spectrometry  (ICP-MS).  Total  chromium  and  Cr(Vl)  were 
measured  by  standard  methods  [34-36],  Atomic  absorption  spectroscopy  was  used  to  measure 
the  total  concentration  of  chromium  as  specified  by  EPA  218.2.  Aqueous  spectrophotometry  was 
used  to  measure  the  concentration  of  Cr(VI)  alone  as  specified  by  EPA  7196.  The  detection  limit 
of  this  standard  method  for  Cr(VI)  was  lowered  from  5  to  2  ppb  by  the  use  of  a 
spectrophotometer  cell  with  a  5  cm  optical  path. 

Results 

The  deionization  of  a  100  pS/cm  NaCl  solution  with  two  parallel  stacks  in  a  potential-swing  mode 
is  illustrated  by  Figure  1.  Each  stack  had  192  double-sided,  titanium-supported  electrodes  In 
this  early  experiment,  the  flow  rate  was  25  ml/min  during  both  deionization  and  regeneration 
The  electrodes  were  polarized  at  1.2  V  during  deionization  and  discharged  at  0  V  during 
regeneration.  A  continuous  stream  of  product  with  an  average  conductivity  of  10  to  15  pS/cm 
was  generated  Peaks  in  the  conductivity  of  the  concentrate  stream  were  coincident  with 
regeneration  steps  for  stacks  A  and  B,  respectively.  From  the  differences  in  peak  height,  it  is 
evident  that  stack  A  had  less  electrosorption  capacity  than  stack  B  The  difference  is  attributed  to 
a  change  in  electrode  fabrication.  These  data  illustrate  the  importance  of  using  balanced  stacks  to 
minimize  “waiting”  and  to  maximize  throughput  The  effects  of  concentration  and  voltage  are 
discussed  in  earlier  publications  [  26,27], 

Trace  quantities  of  various  heavy  metals  such  as  Cu,  Zn,  Cd,  Pb,  Cr,  Mn,  Co  and  U  were 
removed  from  process  solutions  and  natural  waters  by  electrosorption  on  CAC  electrodes.  As 
shown  in  Figure  2,  two  single-sided,  titanium-supported  electrodes  were  used  to  remove  Cu,  Zn, 
Cd,  and  Pb  from  500  ml  of  0.1  M  KN03  with  electrosorption  capacities  ranging  from  5x1 0‘4  to 
9x10"*  gram  of  heavy  metal  per  gram  of  CAC  (g/g-CAC)  As  shown  in  Figure  3,  forty 
unsupported  CAC  sheets  were  used  as  electrodes  to  remove  trace  quantities  of  Co,  Cr,  Mn,  Pb, 
and  U  from  1000  ml  of  sea  water.  In  this  case,  slight  corrosion  of  auxiliary  equipment  appears  to 
have  released  detectable  levels  of  Ni  (not  shown).  The  polarization  was  1.2  V  and  the  circulation 
rate  was  50  ml/min  in  both  Figures  2  and  3 
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Figure  1 .  Deionization  of  100  pS/cm  NaCl  solution  in  potential-swing  mode 
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Figure  2.  Two  carbon  aerogel  electrodes  polarized  at  1  2  V  in  an  undivided  cell.  Removal  of  1 
ppm  heavy  metal  contamination  from  a  500  ml  of  0.1  M  KNOj  with  complete  recycle  at  50 
ml/min 
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Figure  3.  Removal  of  heavy  metals  at  initial  concentrations  of  ~  100  ppb  from  1000  ml  of  sea 
water  with  forty  unsupported  CAC  sheets  polarized  at  1.2  V.  Electrode  separation  in  each 
undivided  cell  was  maintained  by  polyethylene  filtration  netting 

Laboratory-based  treatability  studies  at  LLNL  have  shown  that  chromium  can  be  selectively 
removed  from  contaminated  ground  water  with  a  530  ppm  TDS  background.  A  stack  of  192 
double-sided,  titanium-supported  electrodes  was  used  in  the  laboratory  for  the  continuous 
removal  of  chromium  from  a  100  ml/min  stream  of  contaminated  ground  water  with  530  ppm 
total  dissolved  solids  (TDS)  As  illustrated  by  Figure  4,  the  total  concentration  of  chromium  was 
lowered  from  32  to  2  ppb,  well  below  the  acceptable  Cr(VI)  level  of  1 1  ppb  for  surface  water 
discharge.  Essentially  all  of  the  chromium  in  the  inlet  stream  was  Cr(VI),  which  was  probably  in 
the  form  of  HCrO/,  Cr042',  or  Cr2C>72 .  Any  Cr(III)  present  was  probably  in  the  form  of 
C.r(OH)2+,  Cr(OH)2+,  Cr(OH)4\  or  Cr02'  [36]  The  possibility  of  forming  non-ionic  chromium 
hydroxide  monomer,  dimer,  trimer,  and  tetramer  is  also  recognized.  Carbon  aerogel  electrodes 
have  also  been  used  to  remove  Cr(VT)  from  ground  water  during  a  field  test  [37],  The  total 
concentration  of  chromium  in  the  outlet  stream  was  lowered  from  30-35  ppb  to  less  than  7  ppb 
with  a  stack  of  144  electrodes  polarized  at  1.2  V.  The  speciation  of  chromium  in  the  outlet 
stream  was  approximately  30%  Cr(IIl)  and  70%  Cr(Vl).  It  is  evident  that  in  addition  to  removing 
Cr(VI)  from  the  stream  of  water,  Cr(VI)  was  reduced  to  Cr(TII).  Furthermore,  the  chromium 
removal  continued  long  after  saturation  of  the  carbon  aerogel  with  other  ionic  species,  indicating 
a  high  degree  of  selectivity  towards  chromium.  Most  of  the  chromium  was  recovered  after 


6 


ZO  *  d 


980Z-E2V-0I9 


jiauijicj  -3  qdasor  dEZUO  96-ZZ-Lnr 


Fourth  International  Congress  on  Environmentally  Conscious  [resign  and  Manufacturing 
Cleveland,  Ohio,  July  23-25,  1996 

regeneration  by  (1)  discharge  at  0  V  and  100  ml/min,  (2)  reverse  polarization  at  -1  2  V  and  1000 
ml/min,  and  (3)  discharge  at  0  V  and  1000  ml/min.  In  this  case,  regeneration  was  achieved  in  an 
undivided  cell. 


Time  (min) 


Figure  4  Selective  removal  of  35  ppb  chromium  from  ground  water  with  530  ppm  TDS  during 
initial  laboratory  test. 

Summary 

This  reversible  aerogel-based  electrosorption  process  avoids  the  secondary  waste  associated  with 
the  chemical  regeneration  of  ion  exchange  columns  Unlike  ion  exchange,  no  acids,  bases,  or  salt 
solutions  are  required  for  regeneration  of  the  system.  By  using  reversible  electrosorption  as  an 
alternative  to  ion  exchange,  it  may  be  possible  to  eliminate  approximately  100  kg  of  spent 
chemical  regenerant  per  kg  of  regenerated  resin.  Regeneration  is  accomplished  by  electrical 
discharge  or  reverse  polarization.  The  carbon  aerogel  process  can  produce  a  continuous  flow  of 
product  water  by  operating  two  stacks  of  carbon  aerogel  electrodes  in  parallel  (potential-swing 
mode).  One  stack  purifies  while  the  other  is  electrically  regenerated  In  cases  where  separation  is 
due  to  double  layer  charging,  energy  recovery  may  be  possible  by  using  the  energy’  released  during 
the  discharge  of  one  stack  (regeneration)  to  charge  the  other  (deionization)  This  generic  process 
design  should  facilitate  energy  recovery  in  industrial-scale  systems  An  industrial  grade, 
computerized  control  system  with  a  graphical  user  interface  has  been  fully  developed  to 
synchronize  the  operation  of  parallel  stacks  of  carbon  aerogel  electrodes  Electrosorption 
processes  based  on  carbon  aerogel  promise  to  be  much  more  energy  efficient  than  comparable 
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thermal  processes  and  appear  to  have  operational  advantages  over  electrodialysis  and  reverse 
osmosis  since  membranes  and  high-pressure  pumps  are  not  necessarily  required  [38],  Work  is 
now  being  done  to  increase  the  capacity  of  the  carbon  aerogel  electrosorption  process  to  practical 
levels.  It  has  been  demonstrated  that  a  large  quantity  of  high-quality  CAC  sheets  (4000  ft2)  can 
be  mass  produced  at  an  apparent  cost  of  approximately  $50  per  square  (GenCorp- Aerojet  Plant  in 
Sacramento,  California)  It  may  be  possible  to  reduce  the  cost  to  less  than  $2  per  square  foot  in 
the  future. 
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